MDM2 and XIAP are mutually regulated: Binding of MDM2 RING protein to the IRES region on XIAP mRNA results in MDM2 protein stabilization and enhanced XIAP translation. In this study, we developed a protein-RNA fluorescence polarization (FP) assay for high-throughput screening (HTS) of chemical libraries. Our FP-HTS identified eight inhibitors that blocked the MDM2 protein-XIAP RNA interaction, leading to MDM2 degradation. The compound-induced MDM2 downregulation resulted not only in inhibition of XIAP expression, but also in activation of p53, which contributed to cancer cell apoptosis in vitro and inhibition of cancer cell proliferation in vivo. Importantly, one of the MDM2/XIAP inhibitors, MX69, showed minimal inhibitory effect on normal human hematopoiesis in vitro and was very well tolerated in animal models.
INTRODUCTION
The MDM2 protein has been extensively studied as an oncogene product that plays a critical role in cancer cell survival and disease progression. Elevated MDM2 protein expression has been documented in a large variety of human cancers and is thought to result from gene amplification as well as transcriptional and post-translational regulation. The bestcharacterized downstream target of MDM2 is p53. The N-terminus of the MDM2 protein binds to p53, inhibiting p53-mediated transcription (Momand et al., 1992) . Furthermore, the MDM2 C-terminus acts as an E3 ubiquitin ligase, mediating the degradation of p53 (Haupt et al., 1997) . Small-molecule inhibitors of MDM2 such as nutlin-3 and HLI98, which block MDM2-p53 interaction and inhibit the ubiquitin ligase activity of MDM2 respectively, have been actively investigated in preclinical studies and clinical trials for the treatment of cancer (Ray-Coquard et al., 2012; Yang et al., 2005) .
In addition to acting as an E3 ubiquitin ligase, the C-terminal RING domain of MDM2 is able to bind mRNA and regulate gene expression. For example, the RING domain of MDM2 can bind to p53 mRNA and promote its translation (Candeias et al., 2008) . Additional studies, including those from our group, demonstrated that the MDM2 RING domain binds to mRNAs of XIAP, VEGF, MYCN and Slug to regulate their translation in cancer cells, thus playing several p53-independent roles in cancer pathogenesis (Gu et al., 2012; Gu et al., 2009; Jung et al., 2013; Zhou et al., 2011) . Specifically, we have shown that, in response to radiation, MDM2 protein is translocated from the nucleus to the cytoplasm. In the cytoplasm, MDM2 binds to XIAP-IRES mRNA and positively regulates IRES-dependent XIAP translation, leading to cancer cell resistance to radiation-induced apoptosis (Gu et al., 2009) . XIAP, an important member of the IAP family, has been well characterized to specifically inhibit caspases 3, 7 and 9, the enzymes that induce the mitochondrial apoptotic pathway. The mitochondrial apoptosis pathway is the major cell-death mechanism induced by radiotherapy and many chemotherapeutic drugs (Schimmer, 2004) . Specific inhibition of these caspases by the XIAP protein suggests that XIAP is crucial for the development of resistance to anticancer treatment. In fact, previous studies have shown that elevated expression of XIAP is detected in various types of cancer, and that a high level of XIAP expression is related to chemotherapy resistance and poor outcome (Berezovskaya et al., 2005; Mizutani et al., 2007; Tamm et al., 2004) . XIAP expression is mainly regulated by an IRES-mediated mechanism at the translational level (Holcik et al., 1999) . The IRESmediated translation of XIAP is specifically activated when cells undergo cellular stress, such as exposure to radiation or treatment with chemotherapeutic drugs (Lewis and Holcik, 2005) . The activation of XIAP IRES by the MDM2 RING protein, which is localized in the cytoplasm after exposure to radiation, supports this notion.
On the other hand, the E3 ubiquitin-ligase activity of the MDM2 RING protein is regulated by binding of XIAP IRES mRNA, as reported in our recent publication (Liu et al., 2015) . It has previously been shown that mRNA binding can positively regulate expression of MDM2 protein. Specifically, binding of p53 mRNA to the MDM2 RING domain increases MDM2 expression (Candeias et al., 2008) . Our studies further determined that the XIAP IRESmediated increase in MDM2 protein expression is through inhibition of MDM2 homodimerization; this results in a reduction of the E3 ubiquitin ligase activity of the Cterminal RING domain by which MDM2 targets itself for ubiquitination and degradation (Liu et al., 2015) .
Thus, our studies suggest that binding of XIAP IRES to the MDM2 RING domain simultaneously increases expression of MDM2 and XIAP, enhancing cancer progression and resistance to apoptosis. Accordingly, we hypothesized that inhibition of the molecular interaction between XIAP IRES and MDM2 RING domain would result in a simultaneous decrease in the expression of MDM2 and XIAP, leading to both anti-proliferative and enhanced-apoptosis effects. The present study was designed and carried out to test these hypotheses.
RESULTS

Development of FP assay and performance of HTS
In order to identify reagents or small-molecule compounds that could block the binding between XIAP IRES and the MDM2 RING domain, we developed an FP assay for use in HTS. First, we performed in vitro transcription to synthesize a 50-nt RNA fragment that covers the XIAP IRES sequence and then labeled it with fluorescein. Optimization analysis showed that at greater than 1 ng/ml of RNA-fluorescein, the tracer signal was more than 10 times greater than the background (buffer) ( Figure 1A ), resulting in a constant tracer signal of approximately 100 mP ( Figure S1A ). Next, we performed FP to test for binding between the fluorescent XIAP RNA probe and the GST-fused MDM2 RING protein. At the optimized RNA concentration of 1 ng/ml, there was a direct correlation between fluorescent RNA binding and amount of MDM2 RING protein added. Polarization progressively increased until reaching saturation ( Figure 1B ). At these concentrations, fluorescent XIAP IRES bound well to MDM2 RING protein, resulting in an assay window of approximately 80 mP and a K d value of 6.6 μg/ml. Consistent with results obtained by UV cross-linking of isotope-labeled probes (Gu et al., 2009 ), a similar-sized fluorescence-labeled control XIAP RNA copied from the upstream region of the XIAP IRES sequence did not bind to the MDM2 RING protein ( Figure S1B ). Also, the XIAP IRES did not bind to MDM2 protein with a deleted RING domain ( Figure S1C ). These FP results further confirm the specific binding of XIAP IRES to the MDM2 RING domain, as previously noted (Gu et al., 2009; Liu et al., 2015) .
In order to evaluate whether the FP assay was suitable for HTS application, we analyzed the signal-to-noise (S/N) ratios and Z′ factors of the assay. At a constant concentration of 1 ng/ml fluorescent RNA probe, both the S/N ratios and Z′ factors increased with increasing concentrations of MDM2 protein ( Figure 1C ). When the MDM2 concentration was increased above 40 μg/ml, the FP assay gave S/N ratio >8 and a Z′ factor above 0.5. These parameters indicate a robust assay performance suitable for HTS (Du et al., 2007) .
Next, we performed HTS with the optimized FP assay in 4 chemical libraries containing a total of 141,394 known reagents, drugs and small-molecule compounds (Figures 1D-G). These screenings resulted in a total of 426 hits based on decreased assay "window" of more than 50-70%. Dose-response assays ( Figure S1D ) were then carried out with each of these 426 candidate compounds to determine the concentration needed for achieving 50% inhibition (IC50). This resulted in identification of 95 compounds with an IC50 of less than 25 μM.
Identification of inhibitors targeting MDM2 and XIAP expression in cancer cells
We performed Western blot assays in cancer cells treated with the above 95 compounds (labeled MX1-95). For this, we used cell lines from two tumor types, acute lymphoblastic leukemia (ALL) and neuroblastoma (NB). We found that 8 of the 95 compounds clearly inhibited the expression of both MDM2 and XIAP proteins (Figures 2A, B and S2) . Further examination of three selected compounds (MX3, MX11 and MX69) showed that they inhibited expression of both MDM2 and XIAP in a time-and dose-dependent manner (Figures 2C-E). As controls, we established that these compounds did not change the levels of Bcl-2, cIAP-1 and cIAP-2 protein expression, suggesting that they specifically inhibit MDM2 and XIAP.
Characterization of leads binding to either MDM2 RING protein or XIAP IRES
We performed binding assays to determine whether the selected lead compounds (leads) bind to either MDM2 RING protein or to XIAP IRES to block their interaction. The GST-MDM2 RING protein has natural fluorescence with excitation of 280 nm and emission of 335 nm ( Figure 3A ). XIAP IRES labeled with fluorescence has an excitation of 485 nm and emission of 530 nm ( Figure S3A ). We performed fluorescent titration assays to determine binding of each of the 8 leads to MDM2 RING protein ( Figure 3B ) and XIAP IRES ( Figure  3C ). Five leads (MX5, MX11, MX61, MX69 and MX92) were able to bind to MDM2 RING protein with binding K d values of 3.78, 5.21, 3.72, 2.34 and 4.56 μM, respectively ( Figure  3D ). None of the 5 MDM2-binding leads bound to XIAP IRES ( Figures 3E and S3B ). In contrast, two leads (MX3 and MX25) bound to XIAP IRES with binding K d of 5.26 and 10.48 uM, respectively ( Figure 3E ); neither of these leads bound to MDM2 RING protein (Figures 3D and S3C) . MX6 bound neither to MDM2 RING protein nor to XIAP IRES. As controls, the selected leads did not bind either to the GST protein or to an XIAP non-IRES probe (Figures S3D and E) .
We also performed ITC assays to confirm binding of MX69 to MDM2 RING protein and MX3 to XIAP IRES, respectively. Consistent with the fluorescent titration results, MX69 (but not MX3) bound to the MDM2 RING protein with a binding K d of 2.75 uM (Figures 3F and G) , whereas MX3 (but not MX69) bound to XIAP IRES with a binding K d of 5.83 (Figures S3F and G) .
Selected leads induce MDM2 self-ubiquitination and degradation
We previously demonstrated that binding of XIAP IRES to the MDM2 RING domain decreased MDM2 self-ubiquitination and degradation (Liu et al., 2015) . We further tested whether our selected leads, which block the XIAP IRES-MDM2 RING domain interaction, were able to reverse the XIAP IRES-mediated decrease in MDM2 self-ubiquitination and degradation. Before testing this possibility, we performed a UV cross-linking and RNAprotein binding assay to confirm the effect on the interaction between XIAP IRES and MDM2 RING protein. As expected, all 8 leads disrupted the interaction between XIAP IRES RNA and MDM2 RING protein ( Figure 4A ). Furthermore, co-transfection and in vivo ubiquitination assays showed that all 8 leads reversed XIAP IRES-mediated inhibition of MDM2 self-ubiquitination ( Figure 4B ).
We selected MX3 and MX69, which show good binding to XIAP IRES and to MDM2 protein respectively, to determine their effects on MDM2 ubiquitination and protein level. IP-Western blot assay showed that both MX3 and MX69 induced ubiquitination of endogenous MDM2 in cancer cells ( Figures 4C and S4A ). MX69-mediated downregulation of MDM2 protein was inhibited by protein-degradation inhibitor MG132 ( Figure 4D ). This suggests that downregulation of MDM2 by MX69 is through a protein-degradation mechanism. CHX pulse-chase assay confirmed that the half-life of MDM2 in control-treated EU-1 cells was greater than 90 min, whereas MX69 treatment decreased MDM2 half-life to < 30 min ( Figure 4E ), further suggesting that MX69 induces MDM2 degradation.
In experiments utilizing NB cells, SK-N-SH cells were stably transfected with either WT-MDM2 or mutant MDM2-C464A, a form lacking ubiquitin activity. Treatment with MX69 significantly inhibited expression and increased turnover of WT-MDM2 but not MDM2-C464A (Figures 4F, G and S4B) in plasmid-transfected SK-N-SH cells. These results further suggest that MX69 downregulates MDM2 through induction of MDM2 self-ubiquitination and degradation.
Downregulation of MDM2 results in activation of p53 and inhibition of XIAP
Since p53 is an important inhibitory target of MDM2, we evaluated the expression and function of p53 following lead-mediated downregulation of MDM2. First, we evaluated the effect of MX69 on expression and turnover of p53 protein in the MDM2overexpressing/WT-p53 cell line EU-1. Results from pulse-chase experiments showed that p53 half-life in control-treated cells was less than 30 min, while it was remarkably increased by MX69 ( Figure 4E ). Similarly, MX69 significantly enhanced p53 half-life in WT-MDM2 but not mutant MDM2-C464A transfected SK-N-SH cells ( Figure 4G and S4B).
These results suggest that p53 is stabilized and accumulates in MX69-treated cells. Western blot results from EU-1 cells treated with MX3 or MX69 confirmed that p53 protein levels were significantly increased 2 to 8 hr after treatment ( Figure 5A ). Consistent with increased p53 protein expression, its transcriptional targets p21 and PUMA were also upregulated, resulting in G1 cell-cycle arrest (Figures 5B, left, 5C and S5A, left) . In contrast, G1 cellcycle arrest did not occur in MX69-treated EU-1 cells in the presence of sip53 ( Figure 5B , right). Similarly, MX3 failed to induce G1 arrest in p53-mutant EU-6 ( Figure S5A , middle) and p53-null EU-8 cells ( Figure S5A , right); instead, a significant G2/M arrest was detected in the MX3-treated p53-mutant EU-6 cells ( Figure S5A , middle).
The results in Figure 2 show that the selected leads also inhibited expression of XIAP. We evaluated whether inhibition of XIAP is associated with downregulation of MDM2. We used CRISPR/Cas9 to mutate MDM2 in SH-EP1 cells and then treated these MDM2 silenced cells with MX69. MX69 inhibited XIAP in control SH-EP1 cells but not in SH-EP1 with MDM2 KO ( Figure 5D ), suggesting that MX69-mediated inhibition of XIAP is MDM2dependent.
In addition, we investigated whether MX69-mediated inhibition of XIAP occurred at the translational level. We performed linear sucrose-gradient fractionation to assess the state of polyribosome association of XIAP mRNA in EU-1 cells subjected to either MX69 or control MX68 treatment ( Figure S5B ). We found that MX69 induced a downregulation in polyribosome association. This was shown by a shift in XIAP mRNA from fractions containing enriched translating polyribosomes to fractions containing translation-inactive complexes ( Figure 5E ). Furthermore, we evaluated whether MX69 inhibits XIAP translation through an IRES-dependent mechanism. Using gene transfection and reporter assays with the dicistronic plasmid pRL-xi-FL, we found that MX69 inhibited XIAP IRES-mediated translation of firefly luciferase (FL) ( Figure S5C ). As control, no activity of MX69 on the MYCN IRES was detected ( Figure S5D ). Figures S5E and F show no alteration of FL mRNA in transfection of dicistronic reporter plasmids with insertion of the XIAP or MYCN IRES, suggesting that these IRES regulated FL activity occurs solely at the translational level. MX69 did not regulate either XIAP transcription or its mRNA and protein stability (Figures S5G, H and 4E) .
Finally, we performed Western blot and ELISA assays to evaluate the effect of leads on activation of caspases 3, 7 and 9, as well as on cleavage of the death substrate PARP. As shown in Figures 5F and G, activation of these caspases and cleavage of PARP were detected after treatment with either MX3 or MX69.
Selected leads induce apoptosis and death in cancer cells
In order to evaluate the effects of selected leads on cancer-cell viability and apoptosis, we tested 12 cancer cell lines (6 ALL and 6 NB) with different MDM2 expression levels and p53 status, as summarized in Table S1 . WST cytotoxicity assays showed that all 8 leads exhibited different cytotoxic activities against these cell lines, with MX3 having the most potent cytotoxic effect (Table S1 ). MX69 also exhibited a significant cytotoxic effect on both ALL and NB lines, particularly those lines with MDM2 overexpression and a WT-p53 phenotype ( Figure 6A and B). Figure 6C shows representative photomicrographs indicating cell growth inhibition and/or cell death in NB-1691 cells following treatment by MX69.
To clarify whether the observed cell death was associated with induction of apoptosis, we stained cells with Annexin-V FITC, and quantitated the results by flow cytometry and fluorescence microscopy. We found that MX69-and MX3-induced cell death was indeed due to apoptosis. As seen in Figure 6D , over 90% of cells were Annexin-V positive (green cells) in MX69-treated EU-1 cells. Flow cytometry showed that MX69 and MX3 induced apoptosis and cell death in The effects of MX69 and MX3 on human normal bone marrow mononuclear (NBMM) cells were evaluated using the WST cytotoxic assay. These experiments showed over 90% cell survival of NBMM following treatment with MX69 at a dose of 2-8 μM for 24 hr. Similar treatment with MX3 showed that NBMM cell survival was only about 50% at a dose of 2 μM ( Figure 6F ).
In addition, we evaluated the effect of these compounds on normal human hematopoiesis using clonogenic analyses for CFU-GM and BFU-E. Results showed that MX69 at 10 μM had little inhibitory effect on CFU-GM and BFU-E. In contrast, MX3 at 1 μM showed severe inhibitory effects on CFU-GM and BFU-E. As seen in Figures 6G and H , in the MX69-treated samples the CFU-GM and BFU-E colony number and size were similar to the control, whereas both these parameters were significantly reduced in the MX3-treated samples.
MX69-induced cell apoptosis and death are dependent on MDM2, p53 and XIAP expression
We further tested whether cell apoptosis and death induced by selected leads can be attributed to high-level expression of MDM2 and XIAP as well as p53 activation. We performed KO or transfection of these factors in several selected cancer cell lines with different expression levels of MDM2 and p53 status and tested their response to MX69. We silenced MDM2 using the CRISPR/Cas9 genome editing approach in MDM2overexpressing EU-1 and SH-EP1 cells. KO of MDM2 resulted in significant resistance of these cells to MX69 compared with non-MDM2-silenced (control) cells ( Figure 7A ). In contrast, SK-N-SH cells (expressing low endogenous levels of MDM2) exhibited a significantly increased cell death response to MX69 following stable transfection of MDM2 compared with control plasmid-transfected cells ( Figure 7B ). These results suggest that MX69-induced cell death is MDM2 dependent.
Since MDM2 is an inhibitor of p53, we tested whether activation of p53 plays a role in MX69-induced cancer cell death following inhibition of MDM2. We used sip53 to silence p53 in both MDM2-overexpressing (naturally or enforced) and non-MDM2-overexpressing (naturally or KO) cells that were treated with MX69. We found that silencing p53 significantly inhibited MX69 activity in MDM2-overexpressing EU-1 and SH-EP1 as well as MDM2-transfected SK-N-SH; in contrast, silencing p53 did not significantly inhibit MX69 activity in non-MDM2-overexpressing SK-N-SH and MDM2-KO EU-1 and SH-EP1 ( Figures 7A, B and S7A ). These results suggest that MX69-induced cell death involves inhibition of MDM2 and consequent upregulation of p53 activity. In addition, SK-N-SH cells transfected with mutant MDM2-C464A were less sensitive to MX69, and MX69induced cell death was not inhibited by sip53 ( Figure. 7B ), further suggesting that MX69 induces cell death not only by decreasing MDM2 protein levels but also by inhibiting MDM2 E3 ligase activity for p53. Furthermore, we found that p53 activity in NBMM cells (which express very low levels of MDM2) was significantly induced by MX3 but not by MX69 ( Figure S7B ).
We also tested the role of XIAP, which is regulated by MDM2 in MX69-induced cancer cell death. We first selected a p53-null NB cell line (LA1-55N) that was transfected with MDM2. Inhibition of XIAP by siRNA decreased sensitivity of the MDM2-transfected LA1-55N to MX69 ( Figure 7C ). Similarly, inhibition of XIAP reduced sensitivity to MX69 of WT-p53/MDM2 overexpressing NB-1691 cells ( Figure 7D ). In contrast, inhibition of XIAP increased sensitivity of these cells to doxorubicin ( Figure S7C ). This suggests that XIAP expression specifically contributes to MX69-induced apoptosis, and that depletion of XIAP has an additive role in cell death induced by commonly used genotoxic drugs such as doxorubicin, indicating that XIAP is not a target of doxorubicin.
We also performed double-KO of both MDM2 and XIAP using siRNA, and then, treated the cells with MX69 in NB-1691 cells. Results as shown in Figures 7D indicated that simultaneous inhibition of both MDM2 and XIAP resulted in greater resistance to MX69induced apoptosis as compared to KO of each factor alone. We tested the expression levels of MDM2, XIAP and p53 in cells treated with MX69, KO of MDM2 and/or XIAP or their combinations. We found that significant induction of p53 was detected in cells treated with MX69 alone following rapid degradation of MDM2 at 8-24 hr ( Figures S7D and E) . In contrast, p53 was not significantly induced by siMDM2, although a significant reduction of MDM2 was detected at 48 hr post transfection of siMDM2 ( Figure S7E ). Induction of p53 was also not detected in cells with combination of MDM2/XIAP KO and MX69. The p53 induction in MX69-treated cells was consistent with the apoptosis results as shown in Figure  7D , further suggesting the importance of p53 activation in induction of apoptosis by MX69.
Similarly, double-KO of p53 and XIAP resulted in much greater resistance to MX69 as compared to KO of p53 or XIAP alone ( Figure S7F ) suggesting that both MDM2 and XIAP are targets of MX69 and that XIAP inhibition and p53 activation due to MDM2 degradation contribute to the apoptotic activity of MX69.
MX69 inhibits cancer progression in vivo
Since MX69 significantly inhibited tumor but not normal cells in vitro, we evaluated its anticancer activity in vivo, using an animal model. First, we determined the maximum tolerated dose (MTD) of MX69 in order to define the appropriate in vivo dosage. MX69 doses at 25, 50, 100, 200 and 400 mg/kg were given i.p. to Hsd:ICR (CD-1) normal mice (6 mice per group), at 24 hr intervals for a period of 3 days (1 course). After a 4-day rest, this dosage schedule was repeated for a second course. The 400 mg/kg dose was lethal within 20 days for two out of six mice, whereas doses between 25 and 200 mg/kg were well tolerated, with no deaths by day 30 ( Figure S8A ).
To test whether MX69 has antitumor activity in vivo, we administered MX69 to SCID mice previously inoculated with EU-1 leukemia cells. Using dose levels established in vitro, we treated mice (10 mice per group) with 3 doses of MX69 (50, 75 and 100 mg/kg), using the same schedule as for the MTD test. Our results showed that control mice experienced significant loss of body weight and changes in fur pattern (either piloerection or matted fur) within 30-40 days after EU-1 inoculation, while the MX69-treated mice showed no adverse effects at up to 40-days post-treatment ( Figures 8A and S8B ). All untreated control SCID mice died within 45 days after inoculation, while all mice treated with 100 mg/kg MX69 still survived after 150 days. Forty percent of the 50 mg/kg MX69-treated mice died within the 98-143 days after inoculation, as did 20 percent of the 75 mg/kg MX69-treated mice ( Figure 8B ).
All control mice injected with EU-1 cells died within 45 days, suggesting successful engraftment of human EU-1 cells. To further confirm this, we examined them for presence of EU-1 blasts in the peripheral blood. All control mice showed evidence of progressive leukemia. Histological analysis showed presence of human ALL blasts in peripheral blood of control but not MX69-treated mice ( Figure 8C) . Similarly, PCR analysis showed presence of human β-globin gene in control but not MX69-treated mice ( Figure 8D ).
In addition to the MTD test, we evaluated the possible toxic effects of MX69 in vivo. We treated the Hsd:ICR (CD-1) normal mice with MX69 at doses of 50, 75 and 100 mg/kg, using the same schedule as for the MTD test. Histopathological analysis of harvested heart, liver and kidney tissue showed no evidence of toxicity after treatment with MX69 at the 100 mg/kg dose ( Figure 8E ). In contrast, MX3 treatment at a much lower dose (20 mg/kg) led to pronounced heart tissue damage, with increased cytoplasmic vacuolization and myofibrillar loss ( Figure 8E, upper right) . Hematological tests showed no significant decreases in WBC and PLT; furthermore, there were no significant increases in ALT, AST and BUN in 100 mg/kg MX69-treated mice (Figures 8F, G and S8C-E). In contrast, significantly decreased WBC and increased ALT were detected in mice treated with MX3 at 20 mg/kg dose ( Figure  8H and I).
DISCUSSION
MDM2 and XIAP proteins are important cell-survival factors in tumor cells. The major oncogenic function of MDM2 is promotion of cancer progression via inhibition of the p53 tumor suppressor, while XIAP acts as an anti-apoptotic protein playing a critical role in development of anticancer resistance through inhibition of caspases-mediated apoptosis. MDM2 gene amplification or protein overexpression has been detected in a variety of human cancers (Bueso-Ramos et al., 1993; Momand et al., 1998) . MDM2 overexpression is associated with disease progression and poor treatment outcome (Nakayama et al., 1995; Polsky et al., 2002; Teoh et al., 1997; Zhou et al., 2000) . Similarly, upregulated XIAP is detected in many cancer patients, and a high level of XIAP expression is associated with resistance to chemotherapy and poor prognosis (Berezovskaya et al., 2005; Mizutani et al., 2007; Tamm et al., 2004) . Efforts have been made to target the XIAP-caspase and MDM2-p53 interactions or MDM2 E3 ligase activity as therapeutic strategies (Huang et al., 2004; Rajapakse, 2007; Ray-Coquard et al., 2012; Shangary et al., 2008; Vassilev et al., 2004; Wade et al., 2013; Yang et al., 2005) . Moreover, it has been demonstrated that concomitant inhibition of both MDM2 (by the MDM2-p53 inhibitor nutlin-3a) and of XIAP (by small molecule antagonists) synergistically induced apoptosis in WT-p53 leukemia cells (Carter et al., 2010) .
Although targeting either MDM2-p53 interaction or MDM2 E3 ligase activity can induce p53 and cancer cell apoptosis, a limiting factor is that targeting these mediators has beneficial cytotoxic and apoptotic effects only in cancer cells bearing normal p53; tumor cells with mutant p53 are not inhibited. In addition, none of these inhibitors block MDM2 expression. To the contrary, MDM2 expression can be enhanced by activated p53 via induction of MDM2 promoter activity (Juven et al., 1993) or by increased MDM2 protein stabilization (Yang et al., 2005) . Augmented MDM2 can inhibit apoptosis via p53independent roles such as induction of XIAP, which could counteract the apoptotic activity of inhibitors like nutlin-3 and HLI98. Furthermore, MDM2-p53 interaction inhibitors (e.g. the nutlin-related clinical candidate RG7112) can induce activation of p53 in the hematopoietic system, resulting in hematological toxicities such as neutropenia and thrombocytopenia (Iancu-Rubin et al., 2014; Ray-Coquard et al., 2012) .
Several studies have focused on compounds that specifically downregulate MDM2 expression (Qin et al., 2012) . These agents have been found to inhibit MDM2 expression through different mechanisms. For example, the dietary component curcumin downregulates MDM2 via the PI3K/mTOR/ETS2 pathway ; the natural product berberine can induce MDM2 degradation through disrupting the MDM2-DAXX-HAUSP interaction (Zhang et al., 2010) ; and the natural product triptolide inhibits MDM2 expression by suppressing MDM2 mRNA synthesis (Huang et al., 2013; Wang et al., 2014a) . In addition, a small-molecule compound (SP-141) was recently identified that binds to the N-terminus of MDM2 and induces MDM2 protein degradation. However, the exact mechanism by which SP-141 causes MDM2 degradation remains largely unknown (Wang et al., 2014b) .
The present study used FP-HTS to identify inhibitors targeting the MDM2 C-terminal RING protein-XIAP IRES interaction. The goal was to select for molecules that inhibit MDM2 as well as XIAP expression in cancer cells. Our FP-HTS studies identified eight compounds that showed inhibitory effects on MDM2 and XIAP. These MDM2/XIAP inhibitors are mainly divided into two classes: one that binds to XIAP IRES RNA, and one that binds to the MDM2 RING protein. Both classes of inhibitor block MDM2-XIAP RNA interaction, resulting in MDM2 self-ubiquitination and degradation as well as repression of XIAP translation. Furthermore, we found that their cytotoxic and anti-proliferative effects are due to their ability to both inhibit XIAP expression and induce p53 activity by blocking MDM2.
With regard to XIAP RNA-binding agents, we cannot rule out possible off-target effects these compounds may have in inducing apoptosis due to interaction with other cellular RNA molecules or activation of other signaling pathways. These RNA-binding compounds may also show significant toxicity to normal cells. In fact, our experimental results demonstrated that the XIAP RNA-binding MX3 (subsequently identified as the chemotherapeutic drug mitoxantrone, which binds to numerous RNA and DNA molecules (Durr et al., 1983; Riahi et al., 2008; Zheng et al., 2009) , had a strong inhibitory effect on normal human hematopoiesis and induced tissue damage in animal studies, although the toxicity could also come from other activities of this drug. Nevertheless, XIAP RNA-binding compounds may have limited clinical use.
In contrast to XIAP RNA-binding agents, MDM2 protein-binding inhibitors may have significant clinical potential since cancer cells (unlike normal cells) often express high levels of MDM2. Specifically, we found that the MDM2-binding compound MX69 has significant apoptotic and anti-proliferative effects on MDM2-expressing cancer cells both in vitro and in vivo. Furthermore, unlike the RNA-binding agent mitoxantrone, MX69 shows minimal inhibitory effect on normal human BM in vitro and is well tolerated in animals due to the fact that normal cells/tissues express little or no MDM2. This suggests that MDM2-specific agent MX69 should not activate either on-target (e.g. p53 induction) or off-target signaling pathways in normal cells. Thus, specific MDM2 inhibitors such as MX69 may be excellent candidates for targeted therapy of refractory cancers expressing high levels of MDM2.
We believe development of MDM2/XIAP inhibitors as potential anticancer drugs represents a strategy for improving cancer outcome, since they may suppress or kill cancer cells much more potently than MDM2-p53 inhibitors: In WT-p53 cancer cells, treatment with a drug that simultaneously inhibits MDM2 and XIAP should result not only in the activation of p53, but also in induction of caspases 3, 7 and 9. Additionally, these inhibitors should be capable of inducing apoptosis in p53-deficient cancer cells expressing both MDM2 and XIAP.
EXPERIMENTAL PROCEDURES Cells
This study used six ALL cell lines (EU-1, EU-3, EU-6 and EU-8, SUP-B13 and UOC-B1) and six NB cell lines (NB-1691, NB-1643, SH-EP1, IMR-32, SK-N-SH and LA1-55N). All 12 cancer cell lines were established from pediatric ALL or NB patients and were wellcharacterized for their expression of MDM2 and p53-status (Table S1) , as reported previously (Gu et al., 2012; He et al., 2011; Zhou et al., 1995) . The 293T cell line was used for gene transfection and in vivo ubiquitination assays. Approved by the Emory University Institutional Review Board (IRB), human normal bone marrow mononuclear (NBMM) cells were obtained from five donors after informed consent, and were used for clonogenic assays to measure the effect of selected leads on normal hematopoiesis.
Plasmids and transfection
The MDM2 expression plasmids were generated by PCR and cloned into a pCMV expression vector. Site-directed mutagenesis (Quick Change Mutagenesis Kit, Stratagene) was used to mutate MDM2 at 464 (Cys to Ala), thus generating MDM2-C464A plasmid. The GST-tagged MDM2 and MDM2 RING domain constructs were cloned into the bacterial pGEX expression vector. The XIAP IRES RNA expression plasmid was generated by cloning an RNA fragment containing the XIAP IRES region into the pRNA-CMV3.1-puro vector. The XIAP expression plasmid was provided by Dr. Lily Yang (Emory University). The pCI-His-hUbi plasmid was purchased from Addgene. Transfections were performed using Lipofectamine ™ 2000 reagents (Invitrogen).
Fluorescence polarization assay and chemical screening
The MDM2 RING protein and the XIAP IRES probe were synthesized and labeled as described in the supplemental information. An FP assay to monitor the interaction of MDM2 RING protein with XIAP IRES was carried out in black 1536-well microplates, in a total volume of 4.6 μL per well. First, assay reaction buffer (40 μg/ml MDM2 RING protein and 1 ng/ml XIAP IRES probe in Hepes buffer; total 4.5 μL) was dispensed into each well. Then the test compound (0.1 μL of 1 mM stock in DMSO) was added to the reaction buffer, using pintool integrated with BeckmanNX (Beckman Coulter) for a final compound concentration of 21.7 μM. For each assay plate, the following controls were included: 32 wells with XIAP IRES only and 32 wells with a combination of MDM2, XIAP IRES and DMSO alone. Plates were incubated at room temperature for 2 hr and FP values (in millipolarization (mP) units) were measured with an Envision multi-label plate reader (PerkinElmer). An excitation filter at 480/30 nm and two emission filters (FP P-pol 535/40 and FP S-pol 535/40) were used with a dual mirror of D505fp/D535 nm. Data analysis was conducted using CambridgeSoft software. The activity cutoff was set as a percentage inhibition greater than 50-70%. Additionally, fluorescence intensity (FI) value of vehicle control at <1.5-2.
Compound-protein and compound-RNA binding assays
The binding activity of selected leads to either MDM2 protein or XIAP IRES was examined by fluorescence titration and isothermal titration calorimetry (ITC) assays, as described in detail in Supplemental Experimental Procedures online.
Immunoprecipitation and Western blot assay
Cells were lysed in a buffer composed of 50 mM Tris, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 10 mM sodium phosphate, 10 mM NaF, 1 mM sodium orthovanadate, 2 mM phenylmethylsulfonyl fluoride (PMSF), 10 μg/ml aprotinin, 10 μg/ml leupeptin and 10 μg/ml pepstatin. After centrifugation, the clarified cell lysate was separated from the pellet of cell debris and incubated with Protein G plus/Protein A-agarose and antibodies. For the Western blot, the resulting cell lysates or immunoprecipitates were resolved by SDS-PAGE. They were then transferred to a nitrocellulose filter and probed with the specific antibodies. Finally, proteins were visualized with a chemiluminescent detection system (Pierce).
Ubiquitination assay
Ubiquitination assay was performed as described previously (Pan and Chen, 2003) . Briefly, gene transfected cells were treated with or without selected reagents and MG132, and then collected in two aliquots. One aliquot (10%) was used for conventional Western blotting. The remaining cells (90%) were used for the purification of His6-tagged protein, with the aid of Ni 2+ -nitrilotriacetic acid beads. Purified His-tagged protein was then eluted and analyzed by Western blot assay.
Cytotoxicity assay
The cytotoxic effect of leads was determined using the water-soluble tetrazolium salt (WST) assay. Briefly, cells cultured in 96-well microtiter plates were treated with different concentrations of leads for a 20-hr period. WST (25 μg/well) was then added and incubation continued for an additional 4 hr, after which optical density (OD) was read with a microplate reader (test wavelength of 450 nm; reference wavelength of 620 nm).
Flow cytometry
Flow cytometry was performed to analyze cell-cycle position and state of apoptosis. For cell-cycle analysis, cells were collected, rinsed and fixed in 70% ethanol, and then washed again and re-suspended in PBS solution containing propidium iodide. The samples were analyzed using a FACScan. For quantitative detection of apoptosis, cells with or without treatment were washed with PBS and stained with FITC-annexin V and 7-AAD using a FITC Annexin V Apoptosis Detection Kit 1 (BD Pharmingen ™ ) following manufacture's instruction and analyzed by flow cytometry.
Animal studies
Animals were housed, maintained, and treated at Emory University Children Center in accordance with protocols approved by the IACUC at Emory University. For the leukemic xenograft assay, the human ALL cell line EU-1 was engrafted into SCID mice. Cells (10 7 cells/mouse) were injected into the tail vein of 5-week-old female SCID mice (C.B-17/ IcrHsd-Prkdc scid Lyst bg ). At the 72-hr time point after injection, xenograft cohorts (10 for each treatment groups) were administered either MX69 at dose levels of 50, 75 and 100 mg/kg, or control agent. Intraperitoneal (i.p.) injection was used at 24 hr intervals for a period of 3 days (one course). After a 4-day rest, this dosage schedule was repeated for a second course.
Xenograft recipients were euthanized upon occurrence of hind-limb paralysis and evaluated for the presence of human leukemic cells by histopathology. Alternatively, a DNA sequence in exon 1 of the human β-globin gene was detected by PCR analysis. The in vivo testing endpoint in this leukemia model is survival. We analyzed the probability of event-free survival (EFS) for all treatment and control groups, constructed EFS curves using the Kaplan-Meier product limit method, and determined the effects of treatment with different dosages of MX69 on the probability of EFS, using the log-rank test.
Statistical analysis
All data represent mean ± SD of three independent experiments. A two-tailed t-test was performed to compare the difference between two groups. A p value <0.05 is considered significantly different and p>0.5 is considered not significant.
SIGNIFICANCE
MDM2 and XIAP are important cell-survival proteins in tumor cells. MDM2 acts as an oncoprotein, promoting cancer progression mainly through inhibition of the tumor suppressor p53, while the anti-apoptotic protein XIAP plays a critical role in development of resistance to treatment via inhibition of therapy-induced apoptosis. MDM2 overexpression and upregulated XIAP have been detected in various human cancers, and elevated MDM2 and XIAP expression in tumor cells is associated with disease progression and poor treatment outcome. Our studies have identified inhibitors that simultaneously target MDM2 and XIAP expression, contributing to cancer cell apoptosis and death. These dual MDM2/XIAP inhibitors may represent a class of apoptosis-inducing agents that could be developed as targeted drugs for cancer treatment. Gu et al. Page 17 Cancer Cell. Author manuscript; available in PMC 2017 October 10.
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